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At 10% deuteration ammonium hexachloroplatinate still exhibits the cubic pRasm of the
protonated material at all temperatures. Rotational tunneling of the ammonium isomgraridH
NH;D" was measured by neutron spectroscopy. At temperatlire48 K the energies and
intensities of the observed tunneling transitions agree with a statistical occurrence of ammonium
isomers and a cubic environment. Beldw- 18 K there is no change of the NHpectrum while

the NH;D transition adopts an unresolved broad intensity distribution before it transforms into a
new structured low temperature spectrum. The intermediate spectrum is interpreted as fingerprint of
a potential distribution of statistically distributed disordered®Hons interacting by long-range
dipolar coupling. The low-temperature spectrum finds an explanation as frozen minimum energy
configurations of coupled N4 dipoles. A dipole moment of NiD of 0.05 D can be derived from

the difference of tunnel splittings. @002 American Institute of Physics.
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I. INTRODUCTION candidate to show the large isotope effect of rotational tun-
neling. However, (NDR),PtCk undergoes a phase transition
Despite the already long-lasting activity in characteriz-at T,=27.2 K> Its low-temperature crystal structure is sup-
ing A,BCg perowskites these model substances still attracbosed to be tetragonaP4,/n,® while the isomorphous
significant interest. Rotational potentials of ammonium ions(NH,),PdC} transforms into monoclini®2; /n.” An under-
in (NH,4),BCg compounds, withB a tetravalent metal ion standing of the isotope effect may be obtained by approach-
and C a halogen, have been systematically studied by neuing the fully deuterated material in smaller steps. For this
tron tunneling spectroscopy. Ammonium hexachloroplati- purpose partially deuterated samples are used. Only at a criti-
nate, (NH),PtCk, is a compound with the second largest cal deuteratiorcy does the low-symmetry structure of the
tunnel splitting known in this class. The crystal structure offully deuterated material appear. With further increasing the
the protonated species Bm3m down to helium tempera- deuterium concentration the phase transition temperature in-
ture. The tunneling sublevels are determined by the tetrahereases until it reaches the value of the pure deuterated ma-
dral site symmetry of the ammonium ion. This leads to theterial. In the homologous Pd salt the phase transition is sup-
well-known doublet in our case with transition energiespressed belovef ~0.38 Due to its lowerT,, (ND,),PtCk
fiwa_7=32peV andiwr_g~1/2hwa_ 7. Interms of tun-  can be expected to show a higher critical concentratfpn
neling matrix elements this level scheme is described by dhus the compound dealt with in this paper still crystallizes
single parameter, the 120° overlap matrix elemént3he in the cubic structur&m3m at all temperatures.
four possibly differenh; are identical by symmetry and the Due to proton exchange and the low degree of deutera-
three 180° overlap matrix elemertt are negligibly smalf  tion, the predominant ammonium species are the spherical
Due to its extreme sensitivity to changes of the rotationatop NH, representing an electrical octopole and the symmet-
potential, tunneling has frequently been used to study disoric top NH;D with a dipole as lowest electrical moment.
der. In the case of the ammonium hexahalo alloys the am¥unneling spectra will be affected by the symmetry of the
monium ions have such large distances that replacing sontetor due to their different multipole interactions with the
of it by alkali ions of similar ionic radius affects the tunnel surroundings. Since the isotopic species are chemically
splitting very little? the octopole-octopole interaction decays equivalent, Ni and NH;D can be assumed to occupy sites
fast and the monopoles of the two ionic species determiningtatistically. Accordingly effects of disorder come into play.
the crystal field seem to be very similar. For partially deuterated ammonium hexachloropalldtitte
Because of its large tunnel splitting (N3PtCk was a  qualitatively different temperature dependence of the;MH
tunneling transition compared to that of the symmetric,NH
aDedicated to the memory of Professor W. Praf@8 September 2001 was interpreted as the formation of a dipolar orientational

Ypresent address: Robert Bosch GmbH, Schwieberdingen, Germany. glass a.t NHD s_ites due_to it.S spegi_fic addi_tional dipolar
interaction. NH is essentially insensitive to disorder due to
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the short-range octopole-octopole interaction. Whether tun- ~30 -20 -10 0
neling of NH;D in ammonium hexachloropalladate is of one- el L L B BN
or three-dimensional character has been discussed recently
by solving the three-dimensional low-symmetry eigenvalue
problem? _
By investigating (NH),PtCly which is isomorphous to 3
(NH,),PdCk but easier to prepare we intend to find out =
whether dipolar coupling of partially deuterated ammonium ;
ions is a general phenomenon. Ammonium hexachloroplati- el
nate even can be grown as single crystals. Thus in addition to 5 _'" i
spectroscopy the subtle disorder may also be investigated in
the future by diffraction like it is done in other casés.

T T T[T T T

-10 0
energy transfer [ueV]

IIl. EXPERIMENTAL DETAILS AND RESULTS —30

A. Sample preparation

. . FIG. 1. Tunneling spectra of (Nf4D, ») PtCkL . Average momentum transfer
. The sample prepa_ranon IS pased on Rt&nd ammo- 1.6 A1 Sample temperaturés=1.8 K (M), 12.1 K (0J), 25.9 K, (V), and
nium chloride as starting materials. The problem with pre-29.7 K (O). Instrument: BSS1 of FZJ. The lowest line represents a decom-

paring A,PtCl, with A= NHI or NDI is due to the lower position of the NHD tunneling line atT=1.8 K into two broad contribu-

stability of the oxidation state £t compared to Bt. Only ~ tons: See the text

in an acid environment, i.e., when prepared under a flow of

chlorine gas, does the synthesis lead to the required com-

pound may arise. To avoid unreliable results we attributed the same

linewidth to all three tunnel transitions above 25 K. Below

PtChb+ 2NH,Cl+ Cl,— (NH,),PtCl. @ this temperature the width of the NB line becomes a free

The degree of deuteratiap =0.1 is adjusted by the appro- fit parameter which accounts for its obvious broadening.

priate ratio of protonated and deuterated ammonium chlo-  For comparison the spectrum of pure (NsPtClk was

ride. The preparation of a well-defined sample is an impormeasured with the same setup of the spectrometer. At a tem-

tant part of the experiment as can be seen from inconclusivperatureT = 1.8 K a tunnel splitting ofiw,_,1=32.4ueV is

data of an earlier attempt. obtained which is 5% larger than the equivalent line in the
partially deuterated sample.

B. Inelastic neutron scattering Below T~8 K the NH;D line assumes a new shape. Two

1. Rotational tunneling broad peaks atiw,=7.5 and 11.5ueV emerge from the

. . broad single line. In addition the intensity of the-E tran-
The energy range from-32 to 4 ueV was investigated ition 15 weV increases slightly.

using the high-resolution backscattering spectrometer BSS?[ The fitted shifts and widths of tunneling lines are shown

?;etr?:a;esﬁrtﬁh i'::agioé(Ia:R|:r]1in%fcE?c:rsncarlg?g?rzheem:ggélijn in an Arrhenius plot in Fig. 2. The shifts are related to acti-
wavelenéth is A\=6.27 A, the energy .resolutionﬁE Svation gnergies of 6.2 ar}d 6.9 mev fqr N@nd NFD,
~1.8ueV. The acceésible,ener range contains all reIevanreSpeCtlvely' The broadenlng_of_ the I§[BII|n_e with de_creafs-
OREY. " gy rang |¥1g temperature prevents a similar analysis of the linewidths.
tunneling transitions. The sample weight was 2.43 g. The flat
container was adjusted to a beam size of8Bcn? and ori-
ented at 45° to the incoming neutron beam. At such condi-
tions the Scattering probability of the sample was 13%. DudABLE |. Temperature depende_)nce of the tunneling transitipn er?eﬁg:ies
to additional absorption, the sample transmission was 700/%‘:‘&':603"%2:};(?2? fltjl'ls ;‘:ﬁghngiegfnfgfergﬁD tunneling line of

Typically, the measuring time was 24 h/spectrum. Ten spec=

tra were recorded at temperatures 18 K<29.7 K. A typi- NH, NH;D

cal set of background-corrected spectra is shown in Fig. 1. T hop 1 hiwy Iy

The spectra represent the sum over the three detectors at [Kl [neV] [ueV] [uev] Co

large scattering angles from 90° to 150°. The average mo- 1.8 32.40 — — 0.0

mentum transfer is 1.6 A. 1.8 30.81 7.5/11.5 1.3/3.0 0.1
Transition energies are obtained by standard fitting pro- 40 30.85 7.5/11.5

cedures. The scattering functibis composed of an elastic 12'3; 33’8'2; g'g ;gg

line and tunneling transition lines. The former is represented ;53 2970 100 125

by a & function, the latter by Lorentzians. Features evolving 17.0 29.41 10.0 1.15

due to the unusual behavior of the BB are phenomeno- 18.5 28.66 9.91 0.99

logically represented by Lorentzians. The scattering function ~ 21.6 26.78 9.16 0.318

composed this way is numerically convoluted with the mea- gg'g gg';g 2'82 g'iég

sured resolution function. Table | shows the extracted param- ¢_ [n;ev] 6.2 6.9 )

eters. Due to overlapping lines, correlations of parameters
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1F T ] A. High-temperature regime (7>18 K)
A i ] 1. Activation energies
§ O’Sf ] The broadening of the tunneling lines with temperature
§ x is too weak to allow a quantitative interpretation. There are
'@ oF . significant shifts, however. They result from coupling to
& phonons and can be described by Arrhenius Idkig. 2).
050 | According to the standard thedfythe activation energy
should be lower than or equal to the methyl librational mode
30 40 6070 Eo;. Systematic errors affect the result only a little. In case

50

1000/T of NH, there is an initial small increase of tunnel energies

FIG. 2. Arrhenius plot of the shifts of the NHA) and NHD (O) tunneling ~ With increasing temperature followed by the usual line shift

lines and the width of the N§D line (OJ) vs temperature. Solid lines: linear to lower energies. The increase is a sign of unusually strong

regression. The derived activation energies are shown in Table I. coupling to phonons by a breathing tefrif-15 Only if the

density of states beloy; is negligible will the activation

o energy for the line shift approadfy; . As is evident from the

2. Librations density of states(Fig. 3 this is almost the case for

The excitations in the meV regime were measured usingNH4)2PtCk. Due to the anomalous behavior at low tem-
the new thermal time-of-flight spectrometer SV29 at the relPeratures, only the four highest temperatures can be used to
search reactor FRJ2 of Forschungszentrunilicdu €Xtract an activation energy for NB. A fictitious low-
Germany*2 The spectrometer was set up for an incomingt_emper_ature tgnnelmg_ sp_httmg is needed to get values fqr the
wavelengthh;=1.76 A and an elastic energy resolution of lin€ shifts. This quantity is obtained by scaling up the high-
SE=1.7 meV. Some characteristic modes at larger energ{mperature value by the same shift factor found experimen-
transfers were observed using=1.5 A. Here 2.8 g of pow- tally for the unaffected Nii groups. Keeping these difficul-
der material were used in a flat sample containea§  (i€s in mind only shifts larger than ieV were evaluated.
x50% 1) mn oriented at 45° to the incoming neutron beam. This technique is the most reliable one of attributing libra-
Partially deuterated samples were compared to fully protononal modes to tunneling transitions. The activation energies
nated ones for two temperaturBs 3.3 K andT=40 K. The  are shown in Table I. They agree reasonably well with the

samples differ only by the relative intensities of their char-€nergy of the more strongly temperature-dependent peak of
acteristic energieéFig. 3. the density of state$DOS) at 6.8 meV(Fig. 3. Thus, as

expected, the presence of 30% MNMHdoes not lead to a
separated new librational band at the experimental energy
IIl. DISCUSSION resolution since the barrier is almost unaffected by the proton

. . . exchange.
While the observations at high temperatufie=18 K)

fit well into the general understanding of rotational tunneling

the partially deuterated rotors show unusual and interestin

effects at low temperatures. Accordingly the discussion is  Rotational excitations are interpreted within the model

split into three sections dealing with three characteristic temef single-particle rotation. In case of the three-dimensional

perature regimes. NH, rotor the tunnel splitting is obtained from the tunnel
matrix elements in the tetrahedral potential*® This sym-

metry is imposed by the crystal structure. The tunnel splitting

0 5 10 15 20 of NH; in the partially deuterated material is reduced com-

6. Rotational potentials

10 ) 10 pared to the fully protonated materi@able |), indicating a
1 small increase of the rotational potential. This can be ex-
8 -8 plained by an increased octopole moment of ammonium ions
] containing a more localized deuteron. The stronger interac-
E . 1s tion leads to a larger potential with a smaller tunnel splitting.
) 1 Quantitatively the relative change of the tunnel splitting by
N ] 1.9 ueV (4.5% corresponds to a change of the barrier height
g T 14 by 1.4% or 0.3 meV.
r 1 NH3D is treated as one-dimensional rotor. Thus its tun-
2 -2 nel splitting is given by the solution of the Mathieu equation.
L | Two excitations must be known to determine a rotational
ol 0 potential up to second order. The tunnel splittfhg, is ob-
0 5 10 15 20 viously the first one. We have to use its value extrapolated to
energy transfer [meV] helium temperature to be independent of a temperature ef-

FIG. 3. Scattering function of (NELDp 9,PCL in the meV regime. Sample fect. As a second mode we include the first librational energy

temperature§ =3.3 K (O) and 40 K(X). Solid lines are guides to the eye. EOl- Based on the temperature dependence of the tun_neling
Instrument SV29 at FZJ. line and the phonon spectrum the mode at 6.8 meV is as-
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TABLE Il. Potential barriers of NED and NH, rotors as estimated fromthe  of statistical isomers. Therefore, the model of one-

tunnel splittings andeo, dimensional rotation of the N4 species underlying Eq2)
Species fiw [ueV] Epi [MmeV] PotentiallmeV] IS supported, too.
NH, 31.0/15.5 As=55
NH;D 10.8* 6.8 V3=43.0,Ve=—22.0
NH;D 115 6.5 V3=43.0,Ve=—23.0 B. NH3D linewidths and dipolar glass state
NH,D 75 6.8 V3=47.0,Ve= —24.0

In ammonium hexahalo compounds tunneling lines show
&The tunnel_splitting at high temperatures is extrapolated to zero temperatungit|e broadening with increasing temperatd?e'[he astonish-

on the basis of the temperature dependence of .NH ing observation in (NL—J)ZPtCk, concerns the NED line
which broadens with decreasing temperaturelow ~18 K.

In the following we attribute this unusual behavior to the
dipole moment of the NED symmetric top. The dipole mo-
mentp can be assumed to be mainly due to an offset position

Only the introduction of a strong sixfold term yields a con- of the molecule. For quantitative estimates we further as-

sistent description. Its explanation is contained in the crystaﬂQ’ume that. the NED center of mass coincides with the crys-
tallographic center of symmetry. By the corresponding sepa-

structure. A look along a threefold axis of the tetrahedron™ . o
g ation of the centers of charges of the ammonium ion and the

shows that the shell of nearest chlorine atoms in 1/8 of the™ . latti dipol ; ted which is th .
unit cell consists of three layers, two of threefold symmetryIonIC attice a dipole momert is created which is the origin

but rotated by 60° with respect to each other and a centrdl! & dipolar ﬁelqulp,: f’%/rg' The energy of a second dipole
ring of almost sixfold symmetry. This topology is the origin I this field varies with its orientation,

of a strong sixfold term in the rotational potential. It also L

leads to a large tunnel splitting of the first excited librational ~ W,=—p-E{", 3
state. Finite energy resolution and dispersion of the libra-

tional phonon branches overlapping with the other phononand adds to the rotational potential. A@i~0.1 D, W,, is
cause this doublet structure of the DOS to be unobservablabout 20 K& Here p always directs towards the deuteron

signed to NHD libration. This mode overlaps with the NH
libration. Chosing a pure cosg} potential barrier height
leads to a first librational mode that is significantly too high.

The results are given in Table II. position. For random orientation in the crystal frame this is
one of the four space diagonals. The rotational potentials are

3. Intensities of tunneling transitions affected in two ways: first by the change of interatomic
A quantitative analysis of the spectral intensities is baseéj istances, second by the relative orientations of neighboring

. ; . dipoles.
on the established scattering functions of the three- If the central molecule is a NH there is no displace-

dimensional tetrahedral NHrotor and that of the one- . .

. . 3 . ment and no dipole moment. A former experinfehias

dimensional threefold NED rotor> We deduce the rati® of : . .
shown that the large distance between ammonium sites

the measured intensities of tunneling lines: . . ; -
makes the rotational potential rather insensitive to an ex-
1(155ueV)  p(NH,) #(1—jo)d(w* wgr) changc_a of ammpnium by alkali ions. In the present case the
= 1(10.526V) = 0(NHaD) 201 " most I|kely_ enV|ionmen_t of.NLﬂ cqn.tams two NHD. The
® 3 i(1=jo)d(wxw) octopole-dipole interaction is sufficiently short range not to
3 p(NH,) influence rotatiqnal .tunneling. This explain; that the fully
=2 m (2 protonated species is not _affected by lowering 'ihe t_emp_era-
3 ture. For a central NkD dipole, however, the situation is
Since the structure factors of the two isotopic rotors are idendifferent. Considering again nearest neighbors only, trimers
tical, they cancel and the ratio is valid for any momentumand tetramers of NkD show the highest probability. They
transfer.p(X) is the occurrence probability of the specks modulate the rotational potential by long-range dipolar inter-
If the protons are substituted at random, the occurrence prolaction according to Eq3). As long as the energiT of the
abilities of the various ammonium isomers obey a binomialphonon bath is of the order of the dipolar enengy; the
distribution functionp(n,cp), and p(NH,D4_,)=p(n,cp) dipole moments can fluctuate between all relative orienta-
in Eqg. (2). The proton number density of a partially deuter- tions. If the reorientational rate is fast compared to the in-
ated species thenis p(n,cp). This quantity is a measure of verse recording time for one spectrum, the measured data
the overall intensities of the respective tunneling lines. For aepresent an average over all possible orientational configu-
degree of deuterationp=0.1 one calculateR=1.7. The rations. Due to the long-range dipolar interaction, very many
ratio extracted from spectra of Fig. 1 at temperatures highedipoles contribute to the rotational potential of the central
thanT=18 K varies between 1.4 and 2.1. The precise valueNH;D. The many possible orientational configurations of a
depends on whether the widths of the two transitions arelipolar cluster lead to a—likely Gaussian—distribution of
coupled or not and on how the unresolved quasielastic conrotational potentials in strength and orientation with a corre-
ponent emerging with increasing temperature is describedponding inhomogeneous line broadening. If the reorienta-
Any line width I ;¢ between 1/P;,¢; andlj, (Ref. 2 can  tional rate is as well slow compared to the tunneling fre-
be argued for. The important result is, however, that irrespecguency v;, a finite lifetime does not lead to additional
tive of the data scatter the mean value confirms the presendgoadening of the tunneling transitions. Infrared spectra of
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the three energetically different N-D stretching modes ofserved for both NI and NHD. As in most systems this is
very weakly deuterated ammonium perchlotatend other due to coupling to phonor€. For NH, this coupling to
materials show that these conditions are mostly fulfilled.  phonons can account for the observation in the full tempera-
In contrast to a real glass the dipolar sublatticelys  ture range. In contrast to NHhe NH;,D spectrum exhibits a
namically disordered on the timescale of data acquisition. fine structure with decreasing temperature ;BHs sensitive
C. NH4D spectrum at T=1.8K fto a Iar_ger envi_ronment_because of the long-range dipolar
interaction. At intermediate temperatures<IP [K]<18
With lowering kT below the dipolar energWV,, the di-  \whenkT equals about the dipole-dipole interaction energy of
poles will no longer average over the complete orientationaj\H,D jons a net dipolar term contributes to the rotational
phase space. The low-temperature spectrum characterizes thgtential. Deuterium jumps make this term fluctuate. The
configurations of absolute energy minima. To quantify thecomplete orientational phase space is explored within the
arguments we simplify the problem and consider nearesime of recording a spectrum, yielding the inhomogeneously
neighbors only. In the cubiEm3m structure of (NH),PtCk  proadened line of a dipolar glass phase. The separation into
the ammonium ion is surrounded by an octahedron of sitwo discrete broad tunneling bands at the lowest tempera-
ammonium ions. To reduce the complexity further we re-tyresT<12 K is interpreted as condensation into configura-
place the binomial distribution of ammonium isomerscgt  tions of lowest free energy. The number of transitions and
=0.1 by a binary mixture 0f-60% NH, and~40% NH;D.  thejr intensities can be related to MBI clusters with differ-
There are then 6% NiD monomers, 19% dimers, 32% tri- ent relative orientations of dipole moments. Cluster forma-
mers, 28% tetramers, etc. While all relative orientations ar®on is assumed to shield the d|p0|e interaction by the forma-
equivalent for NH they differ energetically for pairs of tjon of higher-order multipoles. A net dipole moment of 0.05
NH3D due to the relative directions of their dipolar momentsp js extracted from the splitting of the two tunneling bands.
[Ed. (3)]. If we choose a central N> with its deuterium  The value fits well with the assumption that the ammonium
oriented alongd111} a next NBD neighbor has one possi- center of charggsymmetry is displaced since the NJ®
bility to orient antiparallel along111 or in the three others, center of mass coincides with the ideal lattice site.
but equivalent orientations with, e.@.along{111}, {111},

or{111}. _The respecnv_e _ro_tauonal potentlals_ will be differ- ACKNOWLEDGMENT
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